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Abstract
Background: Voluntary apnea during breath-hold diving (BHD) induces cardiovascular changes including
bradycardia, reduced cardiac output, and arterial hypertension. Although the impacts of repetitive BHD on
cardiovascular health have been studied previously, the long-term risk for kidney dysfunction has never been
investigated.
Methods: A cross-sectional propensity score-matched study was performed to evaluate the influence of repetitive
long-lasting BHD on kidney function. Using matching propensity scores (PS), 715 breath-hold female divers
(Haenyeo) and non-divers were selected for analysis from 1,938 female divers and 3,415 non-divers, respectively.
The prevalence of chronic kidney disease (CKD) defined as an estimated glomerular filtration rate (eGFR) calculated
to be less than 60 ml/min/1.73 m2 was investigated in both diver and non-diver groups.
Results: The prevalence of CKD was significantly higher in breath-hold divers compared with non-divers after PS
matching (12.6% vs. 8.0%, P = 0.004). In multivariate analysis, BHD activity was significantly associated with the
risk of CKD in an unmatched cohort (OR, 1.976; 95% CI, 1.465–2.664). In the PS-matched cohort, BHD remained
the independent risk factor for CKD even after adjusting for multiple covariates (OR 1.967; 95% CI, 1.341–2.886).
Conclusion: Shallow but repetitive intermittent apnea by BHD, sustained for a long period of time, may potentially
cause a deterioration in kidney function, as a long-term consequence.
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Background
Apnea, whether voluntary or involuntary, induces sev-
eral physiological changes, which are a type of protective
responses to hypoxia and involve potential health haz-
ards as well. Voluntary apnea during breath-hold diving
(BHD) induces cardiovascular adaptations characterized
by bradycardia with reduced cardiac output and periph-
eral vasoconstriction with increased blood pressure (BP),
which are together currently known as the human diving
response [1–6]. Bradycardia is elicited by increased vagal
activity, and peripheral vasoconstriction is related to in-
creased sympathetic activity [4, 5, 7]. The pronounced
bradycardia during BHD reduces oxygen consumption
by the heart, and selective vasoconstriction mainly redis-
tributes decreased cardiac output to the heart and brain,
which are the most sensitive to hypoxia, making other
tissues more likely to be exposed to relatively greater
levels of hypoxia [8, 9].
Excessive hypoxia due to extreme BHD activity can be
very dangerous and can lead to serious acute health
problems, such as pulmonary edema and hemorrhage,
cardiac arrhythmias, blackout, decompression sickness,
and even death [4, 5]. However, although acute
cardiovascular changes induced during BHD and fatal
complicaitons by extreme diving have been studied, the
long-term effects of shallow but frequent intermittent
apnea by repetitive BHD have not been well studied.
Based on the aforementioned cardiovascular diving
response, there is a possibility that even shallow but
prolonged repetitive apnea by BHD may cause negative
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health consequences such as cardiovascular, respiratory,
and cerebrovascular disease. Obstructive sleep apnea
(OSA) is a condition in which breathing stops involun-
tarily for a short time during sleep, has something in
common with BHD in terms of the repeated exposure to
intermittent apnea-induced hypoxia, even though it’s
pathophysiology is different from what of BHD. The
cardiovascular complications of OSA were shown in
previous studies [10–13] and the chronic intermittent
hypoxia was suggested as one of the mechanisms
responsible for sympathetic activation and increased car-
diovascular morbidity in OSA [10, 14, 15]. Therefore,
the notion that breath-hold divers are exposed to
chronic intermittent hypoxia, similar circumstance to
patients with OSA, may raise a possibility that BHD may
potentially predispose breath-hold divers to long-term
health risks by exposing them to chronic frequent
hypoxic conditions. Furthermore, as kidney function and
cardiovascular disease are closely associated [16–18] and
BHD induces cardiovascular changes, we hypothesize
that renal impairment may be one of the potential long-
term health risks of repetitive BHD.
Korean female divers, called Haenyeo, are professional
breath-hold divers who have traditionally harvested mar-
ine products on Jeju island. They are engaged in daily
shallow short dives down to an average of 5–10 m of sea
water, holding their breath for an average 30 s [19, 20].
These Korean female divers have kept their diving regi-
men for more than 2000 years [4, 5, 19]. These female
divers belong to the Haenyeo Union, which is attached
to the Fishery Cooperative Union, and work in accord-
ance with the laws and regulations of the association.
According to a report by the Union, approximately 9,900
female divers are current members, and approximately
4,600 women are at present engaged in diving work with
an average career of 40 to 50 years. Therefore, they are
relevant subjects for evaluating the long-term conse-
quences of frequent BHD on kidney function. We aimed
to evaluate the effects of repeated, voluntary, and long-
lasting intermittent apnea on kidney function in the
population of Korean female breath-hold divers.
Methods
Ethics approval and consent to participate
The present study was approved by the institutional
review board (IRB) of Cheju Halla General Hospital
(2013-M05) and performed in accordance with the
principle of Helsinki Declaration. This work was a cross
sectional and non-interventional study, therefore written
informed consent was waived after approval of the IRB.
Study population
This study was a cross-sectional propensity score (PS)-
matched study to investigate the effect of repeated
voluntary BHD on kidney function. We conducted this
study using data collected from diving women (Haenyeo)
and non-diving women who were the inhabitants of Juju
island and visited Cheju Halla General Hospital (Jeju,
Korea) for health check-ups. For the study, diving and
non-diving women who presented to Cheju Halla Gen-
eral Hospital between November 2007 and December
2012 were screened and whether the woman was a diver
(Haenyeo) or not was distinguished by presence of regis-
tered Haenyeo membership number issued by the gov-
ernor of Jeju province. In cases where the subject had
taken checkup repeatedly for the period, only the first
visit data were included. Initially, we recruited 3,679
women divers and 4,237 non-divers, who were aged ≥
20 years old and underwent voluntary health screenings.
From that group, we excluded 1,682 subjects with miss-
ing serum creatinine data and 881 subjects who had
insufficient information about co-morbidities or compar-
able laboratory data apart from their serum creatinine
levels. A total of 5,353 participants, who were composed
of 1,938 female divers and 3,415 non-divers, were in-
cluded in the final analysis.
Study variables
Demographic and clinical data were obtained from a re-
view of medical records. We obtained demographic data,
including age, sex, and medication history. Information
about medical co-morbidities such as diabetes, hyperten-
sion, and cardiovascular disease was also collected.
Cardiovascular disease included coronary artery disease
and cerebrovascular disease. Laboratory parameters in-
cluded serum creatinine, hemoglobin, albumin, uric acid,
total cholesterol, calcium, phosphorus, and alkaline
phosphatase (ALP) levels. Measurement of serum cre-
atinine was performed using the kinetic Jaffe method.
The estimated glomerular filtration rate (eGFR) was cal-
culated using the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) [21, 22]. CKD was defined as
an eGFR that was less than 60 ml/min/1.73 m2.
Statistical analysis
Because there were substantial differences in baseline
characteristics between the diver and non-diver groups,
we used PS matching to reduce potential confounding
and selection biases and to achieve balance. The PS is
the conditional probability of receiving a particular
exposure (BHD activity) given a vector of baseline
measured covariates [23–25]. We estimated propensity
scores for being a female diver (performing BHD activ-
ity) for all subjects using a non-parsimonious multivari-
ate logistic model [26, 27]. A multivariate logistic model
was constructed to predict the probability of being a female
diver given the following covariates: age, diabetes, hyperten-
sion, cardiovascular disease, hemoglobin, albumin, total
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cholesterol, uric acid, calcium, phosphorus, and ALP. Using
these covariates, a PS was calculated for each individual.
We then used the estimated PS to match 715 female divers
with 715 non-divers at a ratio of 1:1 using the Greedy
matching algorithm [28]. The C-statistic for the logistic
model was 0.936 according to the receiver operating curve,
indicating a high degree of discrimination. Standardized dif-
ferences were estimated before and after matching to assess
the balance in baseline covariates between the two groups
[29, 30]. After PS matching, standardized differences for a
given covariate were reduced below 10%, indicating sub-
stantial improvement in the balance of covariates between
the groups. For the matched cohort, paired comparisons
were performed using a paired t-test and the McNemar test
for continuous and categorical variables, respectively. We
performed PS matching with the SAS software package
(SAS Institute, version 9.3, Cary, NC).
Continuous variables are presented as the mean ± SD
and were compared using Student’s t-test. Categorical
variables are expressed as frequencies or percentages,
and comparisons between groups were performed using
the chi-squared test or Fisher’s exact test, as appropriate.
Multivariate logistic regression analysis was performed
to identify the independent effect of BHD activity on the
risk of CKD. Two-sided P values were reported, and
statistical significance was defined as P < 0.05. All
analyses were performed using SPSS Statistics software
(version 21.0, Chicago, IL), except PS matching.
Results
A total of 7,916 women who had presented for health
check-up were screened, and 5,353 women with suffi-
cient available data were included in this study. Of the
5,353 women, 1,938 subjects were divers (Haenyeo), and
the other 3,415 subjects were non-divers. Table 1 shows
the demographic and clinical characteristics of the study
population. Prior to PS matching, there were consider-
able differences in baseline covariates between the fe-
male diver and non-diver groups. The mean age of
female divers (67.2 ± 9.3) was greater than that of non-
divers (45.7 ± 12.2). The prevalence of hypertension and
cardiovascular disease was higher in the diver group
compared with non-diver women, but the prevalence of
diabetes was not different between the groups. The fe-
male divers were more likely to have lower levels of
hemoglobin and serum albumin than non-diver females.
The levels of uric acid, total cholesterol, calcium, and
ALP, were higher in the female-diver group compared
with the non-diver group.
Using PS matching, 1,430 women with similar PS
scores were identified and 715 women divers were suc-
cessfully matched to non-divers, which was indicated by
a standardized difference <10% between the two groups.
After matching, there were no significant differences in
covariates between the female divers and non-divers.
However, CKD was significantly more prevalent in the
female diver group compared with the non-diver group,
even in the matched cohort (12.6% vs. 8.0%, P = 0.004;
Fig. 1). When kidney function was classified into three
groups using categorized eGFR groups (eGFR ≥ 60 ml/
min/1.73 m2, 45 ml/min/1.73 m2 ≤ eGFR < 60 ml/min/
1.73 m2; early CKD, and eGFR < 45 ml/min/1.73 m2; late
CKD), the proportions of early CKD as well as late CKD
significantly increased in female divers compared with
non-divers in the unmatched (P < 0.001) and matched
cohort (P = 0.009) (Additional file 1: Figure S1).
We investigated whether BHD was significantly as-
sociated with the prevalence of CKD, using a logistic
regression model. An unadjusted analysis revealed that
in the female diver group, age, diabetes, hypertension,
Table 1 Clinical characteristics of study participants
Before Matching After Propensity Matching
Non-divers Female divers P Standardized differences Non-divers Female divers P Standardized differences
(n = 3,415) (n = 1,938) (n = 715) (n = 715)
Age 45.7 ± 12.2 67.2 ± 9.3 <0.001 2.646 61.4 ± 10.4 60.9 ± 8.7 0.140 0.060
Diabetes 205 (6.0%) 140 (7.2%) 0.080 0.048 58 (8.1%) 53 (7.4%) 0.685 0.026
Hypertension 43 (1.3%) 609 (31.4%) <0.001 0.891 39 (5.5%) 53 (7.4%) 0.109 0.077
Cardiovascular disease 89 (2.6%) 342 (17.6%) <0.001 0.514 45 (6.3%) 45 (6.3%) 1.000 0.000
Hemoglobin (g/dL) 12.9 ± 1.1 12.8 ± 1.3 0.024 0.030 13.0 ± 1.1 13.0 ± 1.2 0.458 0.016
Serum albumin (g/dL) 4.4 ± 0.3 4.2 ± 0.4 <0.001 0.159 4.3 ± 0.3 4.3 ± 0.3 0.464 0.008
ALP (IU/L) 64.8 ± 20.9 85.3 ± 42.5 <0.001 0.669 78.5 ± 24.1 78.3 ± 24.4 0.844 0.013
Uric acid (mg/dL) 4.7 ± 1.0 4.9 ± 1.5 <0.001 0.102 4.8 ± 1.2 4.8 ± 1.4 0.729 0.012
Total cholesterol (mg/dL) 189 ± 34 196 ± 40 <0.001 0.269 202 ± 38 200 ± 37 0.275 0.076
Calcium (mg/dL) 8.9 ± 0.5 9.0 ± 0.6 <0.001 0.029 9.0 ± 0.5 9.0 ± 0.6 0.324 0.013
Phosphorus (mg/dL) 3.7 ± 0.5 3.6 ± 0.6 <0.001 0.041 3.7 ± 0.5 3.7 ± 0.6 0.930 0.002
Continuous variables are expressed as the mean ± SD, and categorical variables are expressed as the number (percentage). Abbreviations: ALP alkaline phosphatase
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and cardiovascular disease were associated with a sig-
nificant increase in CKD prevalence. The levels of
serum albumin and hemoglobin showed an inverse re-
lationship with the prevalence of CKD. After adjusting
for multiple covariates, including age, diabetes, hyper-
tension, cardiovascular disease, hemoglobin, serum
albumin, and total cholesterol, BHD activity was sig-
nificantly associated with the risk of CKD (Table 2).
Female divers had a nearly 2-fold increased risk of
CKD compared with non-diver women in the un-
matched cohort (OR, 1.976; 95% CI, 1.465–2.664).
In the PS matched cohort, in which individuals of the
diver and non-diver groups were balanced in all covari-
ates, BHD activity remained an independent risk factor
of CKD even after adjusting for multiple covariates
(Table 3). The OR of female divers over non-divers was
1.967 (95% CI, 1.341–2.886). In addition, when we chose a
threshold of eGFR < 45 ml/min/1.73 m2 to indicate more
advanced CKD, the risk for the advanced CKD was also
significantly increased in female divers than non-diver, in
unmatched (OR, 3.478; 95% CI, 1.649–7.334; P = 0.001)
and matched cohort (OR, 3.600; 95% CI, 1.503–8.623; P =
0.004) (Additional file 2: Table S1).
Discussion
In the present study, conducted on a large number of
breath-hold female divers (Haenyeo), we evaluated the
health risk of repeated long-lasting BHD activities re-
garding kidney function. Using PS matching analysis, we
found that the prevalence of CKD was significantly
higher in breath-hold female divers compared with non-
divers. This is the first report showing the association of
repeated and long-lasting BHD activities with kidney
function. Our result suggests that shallow but repetitive
and long-lasting BHD activities have a negative effect on
kidney function. Based on these results, we hypothesize
that intermittent and repetitive apnea induced by BHD
leads to renal impairment as a long-term consequence
of persistent BHD activity.
The risks of extreme apnea due to deep BHD, includ-
ing pulmonary edema and alveolar hemorrhage, black-
out, decompression illness, and death, are well known
through numerous previous reports. However, the po-
tential risks of shallow but repetitive and long-lasting
BHD still remain unknown. The main challenge of BHD
is exposure to hypoxic condition and high gas pressure
with potential toxic effects [4]. To overcome these chal-
lenges, cardiovascular adaptations, including bradycar-
dia, arterial hypertension, and redistribution of blood
flow, heave been developed during breath-holding [1–5].
However, despite the physiologic cardiovascular adapta-
tion, there were some reports on the long-term sequelae
of BHD, which damaged on neurologic, pulmonary, and
cardiovascular system [31–35]. Breath-hold divers are
exposed to chronic intermittent hypoxia induced by vol-
untary apnea, while patients with OSA also encounter
Fig. 1 Prevalence of chronic kidney disease (CKD) before and after
propensity score (PS) matching in women divers (gray column) and
non-divers (white column). CKD was still more prevalent in Female
divers than non-divers after PS matching (12.6% vs 8.0%; P = 0.004)
Table 2 Risk factors for CKD on multivariable logistic regression analysis in the unmatched cohort
Unadjusted OR (95% CI) P Adjusteda OR (95% CI) P
Female diver 12.221 (9.583–15.586) <0.001 1.976 (1.465–2.664) <0.001
Age 1.144 (1.131–1.157) <0.001 1.129 (1.115–1.143) <0.001
Diabetes 2.517 (1.903–3.328) <0.001 1.586 (1.129–2.227) 0.008
Hypertension 5.503 (4.500–6.730) <0.001 1.601 (1.233–2.080) <0.001
Cardiovascular disease 3.728 (2.938–4.729) <0.001 0.937 (0.698–1.258) 0.665
Hemoglobin (g/dL) 0.883 (0.822–0.948) 0.001 0.945 (0.867–1.030) 0.201
Serum albumin (g/dL) 0.230 (0.182–0.291) <0.001 1.143 (0.847–1.541) 0.382
Total cholesterol (mg/dL) 1.005 (1.003–1.008) <0.001 1.003 (1.000–1.005) 0.069
CKD was defined as an estimated glomerular filtration rate < 60 ml/min/1.73 m2
Abbreviation: OR odd ratio, CKD chronic kidney disease
aAdjusted for age, diabetes, hypertension, cardiovascular disease, hemoglobin, albumin, total cholesterol, and breath-holding diving activity
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intermittent hypoxia by involuntary apnea. Numerous
studies regarding OSA suggested that chronic intermit-
tent hypoxia caused chronic sympathetic activation,
which eventually led to increase of cardiovascular com-
plications [10, 11, 14, 15]. Therefore, even though the
BHD and OSA have different pathophysiology, we may
assume that the chronic intermittent hypoxia occurred
during BHD also induce the similar subsequent process
such as increased sympathetic outflow and resultant
cardiovascular complications. In another words, BHD
activities for a long-time may potentially make divers
prone to the development of cardiovascular and auto-
nomic changes similar to OSA patients. Indeed, periph-
eral vasoconstriction with increased blood pressure has
been demonstrated in both breath-hold divers and OSA
patients during apnea, which is associated with increased
sympathetic discharge. Most previous studies regarding
the health risks of BHD focused on neurological and car-
diovascular disease [31, 32, 34–36]. The long-term effect
of BHD on kidney function has not been previously in-
vestigated. However, considering the argument that the
cardiovascular system and kidney function are known to
be strongly linked to each other and that the relationship
between them is assumed to be bidirectional [16–18],
we hypothesize that long-term repeated cardiovascular
changes by BHD ultimately influence renal function.
This is the only work that has demonstrated that long-
lasting repetitive BHD is associated with an increased
prevalence of CKD.
Despite the similarities of exposure to intermittent ap-
neic episodes and hypoxia between BHD and OSA pa-
tients, there have been conflicting data on the possibility
that BHD activities lead to OSA-like cardiovascular
complications. One study showed echocardiographic
changes indicative of subendocardial ischemia through
diving [37], and Scherhag et al. suggested a chronic car-
diopulmonary risk of regular BHD based on the early
signs of functional cardiopulmonary abnormalities in
competitive breath-hold divers [38]. In contrast, another
study showed cardiovascular reactivity to intermittent
hypoxemia was unimpaired in breath-hold divers, unlike
patient with OSA [39], and that repeated episodes of
hypoxemia induced by BHD did not increase resting
sympathetic activity or blood pressure [40]. However,
prior studies relevant to BHD were mostly conducted in
young and healthy divers, whereas OSA patients are
likely to be adults over middle aged with multiple co-
morbidities. Therefore, in addition to the essential differ-
ent pathophysiology between BHD and OSA, these dif-
ferences in demographic and clinical characteristics may
contribute to the discrepancy of results between these
groups. Furthermore, because many previous studies
were performed in young divers without long histories
of BHD, they could not properly evaluate the long-term
health risks of BHD. The present study was mainly con-
ducted in older women who had been exposed to re-
peated intermittent apnea for considerable periods of
time and thus could properly evaluate the long-term
consequences of BHD regarding kidney function.
The exact mechanism of long-lasting repetitive BHD
activities on kidney function is not fully known. The
present study was designed as a cross-sectional research
study, and thus, it was unable to establish a mechanism
that explains the observed association between kidney
function and BHD activities. To our knowledge, this
work was the first attempt to investigate kidney function
in breath-hold divers. However, cardiovascular changes
that develop during BHD may provide a clue to deter-
mine the potential mechanism. BHD induced peripheral
vasoconstriction with increasing sympathetic activity,
which is connected to transient elevation of blood pres-
sure. Thus, we assume that sustained repetitive intermit-
tent hypoxic apnea by long-term BHD may lead to
chronic sympathetic activation and hypertension in di-
vers, and hypertension is known as a risk factor for the
progression of renal disease. Similarly, in a study of pa-
tients with OSA, repetitive intermittent hypoxia during
sleep contributed to the sympathetic activation and the
Table 3 Risk factors for CKD on multivariable logistic regression analysis in the matched cohort
Unadjusted OR (95% CI) P Adjusteda OR (95% CI) P
Female divers 1.662 (1.172–2.357) 0.004 1.967 (1.341–2.886) 0.001
Age 1.120 (1.097–1.145) <0.001 1.125 (1.099–1.151) <0.001
Diabetes 3.402 (2.131–5.432) <0.001 1.800 (0.978–3.313) 0.059
Hypertension 2.649 (1.562–4.491) <0.001 2.418 (1.227–4.766) 0.011
Cardiovascular disease 1.373 (0.729–2.587) 0.326 0.598 (0.287–1.251) 0.173
Hemoglobin (g/dL) 0.913 (0.786–1.061) 0.236 0.931 (0.776–1.117) 0.439
Serum albumin (g/dL) 0.618 (0.356–1.074) 0.618 0.818 (0.434–1.541) 0.533
Total cholesterol (mg/dL) 1.003 (0.999–1.007) 0.183 1.005 (1.000–1.010) 0.050
CKD was defined as an estimated glomerular filtration rate < 60 ml/min/1.73 m2
Abbreviation: OR odd ratio, CKD chronic kidney disease
aAdjusted for age, diabetes, hypertension, cardiovascular disease, hemoglobin, albumin, total cholesterol, and breath-holding diving activity
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development of hypertension [14]. Moreover, several
previous studies have shown that a prevalence of CKD
was significantly increased in patients with OSA and the
severity of nocturnal hypoxia was associated with the
rate of decline in kidney function, even after adjustments
for relevant multiple covariates [41–44]. These findings
may support our speculation that long-term intermittent
hypoxia induced by BHD contributes to deterioration of
kidney function. In addition, redistribution of blood flow
is one diving response, in which blood flow diverts pri-
marily to the heart and brain, which are the most sensi-
tive to hypoxia, while the other organs are more likely to
be exposed to a relatively greater extent of hypoxia.
Therefore, sustained repetitive BHD may consistently
lead to transient renal ischemia and hypoxia, and actu-
ally an experimental study has shown that long-term
intermittent hypoxia induced renal damage in mice [45].
Breath-hold divers experience transient hyperoxia
followed by hypoxia and the effect of intermittent hyper-
oxia during BHD on endothelial dysfunction has been
reported in a previous study [46]. It was hypothesized
that intermittent hyperoxia during BHD would increase
oxidative stress, in turn, lead to endothelial dysfunction.
Indeed, in subsequent study, the researchers demon-
strated that oxidative stress markers were increased in
repetitive breath-hold divers [47]. Oxidative stress is
known to be involved in progression of renal injury [48,
49]. Furthermore, a recent experimental study has
shown hyperoxic injury in renal rat tissue [50]. Thus, we
may speculate that sustained repetitive intermittent hyp-
oxia and hyperoxia induced by apnea during BHD lead
to a long-term risk of renal progression. Shallow but fre-
quent BHD is performed not only by professional com-
mercial divers getting marine products but also by
various underwater sport players, including underwater
rugby players, hockey players, synchronized swimmers,
and recreational divers. Hence, the potential numbers of
subjects who are exposed to repetitive intermittent
apnea may be larger than previously expected. Neverthe-
less, there is a lack of data about the long-term health
risks of repetitive BHD, especially regarding kidney func-
tion. This is the first report suggesting the potential
health risk of long-term repetitive BHD regarding kidney
function. The results from our work can be used as sup-
porting evidences to improve safety among the BHD
population and to decrease health risks.
The strengths of our investigation include a large
study population and study subjects with experience in
BHD for a significantly long period of time. However,
there were several limitations to our study. First, we
could not obtain the exact diving exposure time of indi-
viduals including the length of time worked as a diver
and the information whether the divers involved in this
study were currently engaged in diving or no more in
diving at that time. However, according to the published
data, Korean female divers (Haeneyo) made daily 113–
138 dives spending a total of 170–200 min, of which
52–63 min were spent diving submerged and the rest of
the time was spent at the water surface [19]. It has been
known that the female divers start to dive at midteens
and continue their daily diving work until they get to
old to dive, usually 70–80 years on average [19, 51].
Therefore, given the reported data, the mean age
(67.2 ± 9.3 years) of the study population implies that
the present study was conducted in divers with a long-
term history of diving and that it could evaluate the
long-term effect of BHD on health. Second, there was
a lack of information on body mass index (BMI) or
muscle mass that could exert on influence on serum
creatinine level. Considering somewhat intense phys-
ical activity regarding diving work, the difference in
BMI between the divers and non-divers is likely to be
exist and it may lead to confounding effect on out-
come. Third, lower socioeconomic status is known to
be one of the important risk factors for CKD. Unfortu-
nately, the data on socioeconomic status of female di-
vers was not available in this study. However, most of
Korean female divers earn a living through agriculture
as well as diving work, and it is generally accepted that
female divers have average economic competence.
Thus, given the social perception of the female divers,
the overall socioeconomic status of female divers may
not be low. Fourth, albuminuria was not included in
the definition of CKD. Thus there is the possibility
that subjects in early CKD with high-normal GFR and
albuminuria could be undetected for this study out-
come. Fifth, the current investigation was a cross-
sectional study, and therefore, the causality between
BHD activity and kidney function could not be in-
ferred. Since the study was performed in subjects with
available data, there could be a selection bias. To re-
duce such selection bias and minimize the difference
in baseline covariates between the study groups, we
used PS matching analysis. However, there’s still a pos-
sibility that differences in unmeasured covariates
could lead to biased results. Finally, the present study
was conducted in female divers, and thus, our findings
is cannot be extended to male divers.
Conclusions
In conclusion, our study demonstrates a higher preva-
lence of CKD in female breath-hold divers compared
with non-divers. Our results suggest that shallow but re-
petitive intermittent BHD apnea, sustained for a long
period of time, may lead to long-term harmful effects on
kidney function. Further studies are warranted to valid-
ate our result and establish the mechanisms underlying
our findings.
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Additional file 1: Figure S1. Proportion of subjects categorized by
estimated glomerular filtration rate (eGFR) groups before and after
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Additional file 2: Table S1. Risk factors for eGFR < 45 ml/min/1.73 m2
on multivariate logistic regression analysis in the unmatched and
matched cohort. (DOCX 21 kb)
Abbreviations
ALP: Alkaline phosphatase; BHD: Breath-hold diving; BMI: Body mass index;
BP: Blood pressure; CKD: Chronic kidney disease; CKD-EPI: Chronic Kidney
Disease Epidemiology Collaboration; eGFR: Estimated glomerular filtration
rate; IRB: Institutional review board; OSA: Obstructive sleep apnea;
PS: Propensity score
Acknowledgements
The authors are grateful to Gyeonghui Mun, Mi Ryang Jang, Yun Hee Lim,




Availability of data and materials
The datasets during and/or analysed during the current study are available
from the corresponding author on reasonable request.
Authors’ contributions
YJO, JYJ and CL conceived of the design of this research, and helped to draft
the manuscript. CL supervised this project. YJO, SSK, KC, and JL collected the
data. YJO, JYJ, and JL analyzed the data. YJO and JYJ interpreted the results.
CL and JYJ gave conceptual advice and comments on the manuscript. All
authors read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
The present study was approved by the institutional review board (IRB) of
Cheju Halla General Hospital (2013-M05) and performed in accordance with
the principle of Helsinki Declaration. This work was a cross sectional and
non-interventional study, therefore written informed consent was waived
after approval of the IRB.
Author details
1Department of Internal Medicine, Cheju Halla General Hospital, Doryeong-ro
65, Jeju 63127, Korea. 2Department of Internal Medicine, Gachon University
Graduate School of Medicine, Incheon, Korea. 3Department of Internal
Medicine, Gachon University School of Medicine, Incheon, Korea.
4Department of Internal Medicine, Division of Nephrology, Gachon University
Gil Medical Center, Incheon, Korea.
Received: 19 August 2016 Accepted: 9 February 2017
References
1. Manley L. Apnoeic heart rate responses in humans. A review. Sports Med
(Auckland, NZ). 1990;9(5):286–310.
2. Liner MH, Ferrigno M, Lundgren CE. Alveolar gas exchange during
simulated breath-hold diving to 20 m. Undersea Hyperb Med. 1993;
20(1):27–38.
3. Ferretti G. Extreme human breath-hold diving. Eur J Appl Physiol.
2001;84(4):254–71.
4. Lindholm P, Lundgren CE. The physiology and pathophysiology of human
breath-hold diving. J Appl Physiol (Bethesda, Md : 1985). 2009;106(1):284–92.
5. Dujic Z, Breskovic T. Impact of breath holding on cardiovascular respiratory
and cerebrovascular health. Sports Med (Auckland, NZ). 2012;42(6):459–72.
6. Breskovic T, Uglesic L, Zubin P, Kuch B, Kraljevic J, Zanchi J, Ljubkovic M,
Sieber A, Dujic Z. Cardiovascular changes during underwater static and
dynamic breath-hold dives in trained divers. J Appl Physiol (Bethesda, Md :
1985). 2011;111(3):673–8.
7. Fagius J, Sundlof G. The diving response in man: effects on sympathetic
activity in muscle and skin nerve fascicles. J Physiol. 1986;377:429–43.
8. Gooden BA. Mechanism of the human diving response. Integr Physiol
Behav Sci. 1994;29(1):6–16.
9. Andersson JP, Liner MH, Fredsted A, Schagatay EK. Cardiovascular and
respiratory responses to apneas with and without face immersion in
exercising humans. J Appl Physiol (Bethesda, Md : 1985). 2004;96(3):1005–10.
10. Dempsey JA, Veasey SC, Morgan BJ, O'Donnell CP. Pathophysiology of sleep
apnea. Physiol Rev. 2010;90(1):47–112.
11. Caples SM, Garcia-Touchard A, Somers VK. Sleep-disordered breathing and
cardiovascular risk. Sleep. 2007;30(3):291–303.
12. Peker Y, Hedner J, Kraiczi H, Loth S. Respiratory disturbance index: an
independent predictor of mortality in coronary artery disease. Am J Respir
Crit Care Med. 2000;162(1):81–6.
13. Peker Y, Hedner J, Norum J, Kraiczi H, Carlson J. Increased incidence of
cardiovascular disease in middle-aged men with obstructive sleep apnea: a
7-year follow-up. Am J Respir Crit Care Med. 2002;166(2):159–65.
14. Leuenberger UA, Brubaker D, Quraishi S, Hogeman CS, Imadojemu VA, Gray
KS. Effects of intermittent hypoxia on sympathetic activity and blood
pressure in humans. Auton Neurosci. 2005;121(1–2):87–93.
15. Morgan BJ, Crabtree DC, Palta M, Skatrud JB. Combined hypoxia and
hypercapnia evokes long-lasting sympathetic activation in humans. J Appl
Physiol (Bethesda, Md : 1985). 1995;79(1):205–13.
16. Hall WD. Abnormalities of kidney function as a cause and a consequence of
cardiovascular disease. Am J Med Sci. 1999;317(3):176–82.
17. Go AS, Chertow GM, Fan D, McCulloch CE, Hsu CY. Chronic kidney disease
and the risks of death, cardiovascular events, and hospitalization. N Engl J
Med. 2004;351(13):1296–305.
18. De Santo NG, Cirillo M, Perna A, Pollastro RM, Frangiosa A, Di Stazio E, Iorio
L, Andrea Di Leo V, Anastasio P. The kidney in heart failure. Semin Nephrol.
2005;25(6):404–7.
19. Hong SK, Henderson J, Olszowka A, Hurford WE, Falke KJ, Qvist J,
Radermacher P, Shiraki K, Mohri M, Takeuchi H, et al. Daily diving pattern of
Korean and Japanese breath-hold divers (ama). Undersea Biomed Res. 1991;
18(5–6):433–43.
20. Park YS, Rahn H, Lee IS, Lee SI, Kang DH, Hong SY, Hong SK. Patterns of wet
suit diving in Korean women breath-hold divers. Undersea Biomed Res.
1983;10(3):203–15.
21. Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro 3rd AF, Feldman HI,
Kusek JW, Eggers P, Van Lente F, Greene T, et al. A new equation to
estimate glomerular filtration rate. Ann Intern Med. 2009;150(9):604–12.
22. Teo BW, Xu H, Wang D, Li J, Sinha AK, Shuter B, Sethi S, Lee EJ. GFR
estimating equations in a multiethnic Asian population. Am J Kidney Dis.
2011;58(1):56–63.
23. D'Agostino Jr RB. Propensity score methods for bias reduction in the
comparison of a treatment to a non-randomized control group. Stat Med.
1998;17(19):2265–81.
24. ROSENBAUM PR, RUBIN DB. The central role of the propensity score in
observational studies for causal effects. Biometrika.
1983;70(1):41–55.
25. Rubin D. Using Propensity Scores to Help Design Observational Studies:
Application to the Tobacco Litigation. Health Serv Outcome Res Methodol.
2001;2(3–4):169–88.
26. Ahmed A, Husain A, Love TE, Gambassi G, Dell'Italia LJ, Francis GS,
Gheorghiade M, Allman RM, Meleth S, Bourge RC. Heart failure,
chronic diuretic use, and increase in mortality and hospitalization:
an observational study using propensity score methods. Eur Heart J.
2006;27(12):1431–9.
27. D'Agostino Jr RB. Propensity scores in cardiovascular research. Circulation.
2007;115(17):2340–3.
28. Parsons LS. Reducing bias in a propensity score matched-pair sample
using greedy matching techniques. In: Proceedings of the Twenty-sixth
Annual SAS Users group international conference: 2001. SAS Institute
Inc; 2001. p. 214–26. http://www2.sas.com/proceedings/sugi26/p214-26.
pdf.
Oh et al. BMC Nephrology  (2017) 18:75 Page 7 of 8
29. Normand ST, Landrum MB, Guadagnoli E, Ayanian JZ, Ryan TJ, Cleary PD,
McNeil BJ. Validating recommendations for coronary angiography following
acute myocardial infarction in the elderly: a matched analysis using
propensity scores. J Clin Epidemiol. 2001;54(4):387–98.
30. Austin PC. Using the standardized difference to compare the prevalence of
a binary variable between two groups in observational research. Commun
Stat Simul Comput. 2009;38(6):1228–34.
31. Cross TJ, Kavanagh JJ, Breskovic T, Johnson BD, Dujic Z. Dynamic cerebral
autoregulation is acutely impaired during maximal apnoea in trained divers.
PLoS One. 2014;9(2):e87598.
32. Kohshi K, Tamaki H, Lemaitre F, Okudera T, Ishitake T, Denoble PJ. Brain
damage in commercial breath-hold divers. PLoS One. 2014;9(8):e105006.
33. Lehnigk B, Jörres RA, Elliott DH, Holthaus J, Magnussen H. Effects of a single
saturation dive on lung function and exercise performance. Int Arch Occup
Environ Health. 1997;69(3):201–8.
34. Maehle B, Giertsen J, Tyssebotn I. Hypertrophy of the Left Cardiac Ventricle
in Professional Divers. J Hyperb Med. 1989;4(4):189–95.
35. Denoble PJ, Nelson CL, Ranapurwala SI, Caruso JL. Prevalence of
cardiomegaly and left ventricular hypertrophy in scuba diving and traffic
accident victims. Undersea Hyperb Med. 2014;41(2):127–33.
36. Stuhr LEB, Mæhle BO. The effect of Losartan, an angiotensin II antagonist,
on cardiac function, mass and morphology in rats after repeated hyperbaric
exposures. Scand J Clin Lab Invest. 1997;57(3):253–61.
37. Oliveira E, Gomez Patino N. [Induced electrocardiographic changes through
immersion]. Rev Esp Cardiol. 1977;30(1):11–5.
38. Scherhag A, Pfleger S, Grosselfinger R, Borggrefe M. Does competitive
apnea diving have a long-term risk? Cardiopulmonary findings in breath-
hold divers. Clin J Sport Med. 2005;15(2):95–7.
39. Ivancev V, Palada I, Valic Z, Obad A, Bakovic D, Dietz NM, Joyner MJ, Dujic Z.
Cerebrovascular reactivity to hypercapnia is unimpaired in breath-hold
divers. J Physiol. 2007;582(Pt 2):723–30.
40. Dujic Z, Ivancev V, Heusser K, Dzamonja G, Palada I, Valic Z, Tank J, Obad A,
Bakovic D, Diedrich A, et al. Central chemoreflex sensitivity and sympathetic
neural outflow in elite breath-hold divers. J Appl Physiol (Bethesda, Md :
1985). 2008;104(1):205–11.
41. Kanbay A, Buyukoglan H, Ozdogan N, Kaya E, Oymak FS, Gulmez I, Demir R,
Kokturk O, Covic A. Obstructive sleep apnea syndrome is related to the
progression of chronic kidney disease. Int Urol Nephrol. 2012;44(2):535–9.
42. Iseki K, Tohyama K, Matsumoto T, Nakamura H. High Prevalence of chronic
kidney disease among patients with sleep related breathing disorder
(SRBD). Hypertens Res. 2008;31(2):249–55.
43. Ahmed SB, Ronksley PE, Hemmelgarn BR, Tsai WH, Manns BJ, Tonelli M,
Klarenbach SW, Chin R, Clement FM, Hanly PJ. Nocturnal hypoxia and loss
of kidney function. PLoS One. 2011;6(4):e19029.
44. Sakaguchi Y, Hatta T, Hayashi T, Shoji T, Suzuki A, Tomida K, Okada N,
Rakugi H, Isaka Y, Tsubakihara Y. Association of nocturnal hypoxemia with
progression of CKD. Clin J Am Soc Nephrol. 2013;8(9):1502–7.
45. Sun W, Yin X, Wang Y, Tan Y, Cai L, Wang B, Cai J, Fu Y. Intermittent
hypoxia-induced renal antioxidants and oxidative damage in male mice:
hormetic dose response. Dose Response. 2012;11(3):385–400.
46. Theunissen S, Guerrero F, Sponsiello N, Cialoni D, Pieri M, Germonpre P,
Obeid G, Tillmans F, Papadopoulou V, Hemelryck W, et al. Nitric oxide-
related endothelial changes in breath-hold and scuba divers. Undersea
Hyperb Med. 2013;40(2):135–44.
47. Theunissen S, Sponsiello N, Rozloznik M, Germonpre P, Guerrero F, Cialoni
D, Balestra C. Oxidative stress in breath-hold divers after repetitive dives.
Diving Hyperb Med. 2013;43(2):63–6.
48. Haugen E, Nath KA. The involvement of oxidative stress in the progression
of renal injury. Blood Purif. 1999;17(2–3):58–65.
49. Forbes JM, Coughlan MT, Cooper ME. Oxidative Stress as a Major Culprit in
Kidney Disease in Diabetes. Diabetes. 2008;57(6):1446–54.
50. Hinkelbein J, Bohm L, Spelten O, Sander D, Soltesz S, Braunecker S.
Hyperoxia-Induced Protein Alterations in Renal Rat Tissue: A Quantitative
Proteomic Approach to Identify Hyperoxia-Induced Effects in Cellular
Signaling Pathways. Dis Markers. 2015;2015:964263.
51. Hong SK, Rennie DW, Park YS. Cold acclimatization and deacclimatization of
Korean women divers. Exerc Sport Sci Rev. 1986;14:231–68.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Oh et al. BMC Nephrology  (2017) 18:75 Page 8 of 8
